Abstract: This study evaluated the physicochemical, mineralogical properties, mobile chemical species' bioavailability and translocation in Brassica juncea and Spinacea oleracea L plants of a South African coal fired power utility. Coal fly ash (CFA) disposal is associated with various environmental and health risks including air, soil, surface and ground water pollution due to the leaching of toxic chemical species; these ends up in food webs affecting human health, while repeated inhalation causes bronchitis, silicosis, hair loss and lung cancer. The morphology, chemical, and mineralogical composition of CFA were determined using Scanning Electron Microscopy (SEM), X-ray fluorescence (XRF) and X-ray Diffraction, respectively. In pot culture experiments, S. oleracea L and B. juncea plants were grown in three sets of pots containing CFA (set 1), soil (set 2) and a mixture of CFA plus soil at ratio 1:1 (50% CFA: 50% soil) (set 3), while no plants were grown in set 4 as a control for the leachate samples. SEM showed that surface morphology of CFA has a lower degree of sphericity with irregular agglomerations of many particles. The XRF results revealed that CFA contains 43.65 %, 22.68 % and 10.89 % of SiO2, Al2O3 and Fe2O3 respectively which indicate that the CFA is an alumino-silicate material. While XRD showed that the coal CFA contains mullite as a major phase followed by quartz mineral phases. Chemical species such as Fe, Mn, B, Ba and Zn were accumulated highly in most parts of the plant species. However, B. juncea showed higher potential to accumulate chemical species as compared to S. oleracea L. The bioconcentration and translocation factors (BF and TF) showed that B. juncea was the most effective in terms of bioconcentration and translocation of most of the chemical species. This indicates that B. juncea has potential in application for phytoremediation of CFA dumps and could contribute to remediation of CFA dumps and reduction of potential health and environmental impacts associated with CFA.
Introduction
Coal fly ash dumps are major sources of chemical species contamination of the environment as a whole. Maiti and Prasad [1] mentioned that coal based thermal power plants generate coal fly ash (CFA) as the main industrial waste product, approximately 70 -75% [2] and it has been recognized as an environmental hazard across the globe. In South Africa coal-fired power stations consume ±120 million tons of coal per annum, producing 30 million tons of CFA, to supply the bulk of South Africa's electricity. A modern coal fired power station with a total output of 3 600 MW was said to consume ±50 000 tons of coal every day by Eskom [3] . Eskom [3] mentioned that depending on the coal quality, the heat and ash content, stations can produce ±17 000 tons of ash per day. On the other hand, Sasol was producing about 7 million tons of ash, as reported by [4] . Many of South Africa's thermal power plants use wet ashing process while others use dry ashing processes to dispose ash. Usually CFA is transported from the power plant either damp or as slurry to a series of holding ponds where the solids are allowed to settle out of suspension. CFA is usually then stockpiled and used as landfill. In dry ashing systems, from the boilers CFA is transported by overland conveyors to ash disposal facilities and since the ash contains 12 % moisture, dust production is minimal [5] .
Even though that is the case, agricultural lands have been continuously contaminated by direct discharge of industrial effluents, runoff wastewater from ash dumps, overflow of ash dykes during rainy seasons or through atmospheric fallout of CFA [6] . If soil and water get contaminated with industrial effluents containing high levels of chemical species, the chemical species find their way into food crops and vegetables and consequently enter the food web. Most of these chemical species at high concentrations are toxic and persistent, while some are toxic even at trace concentrations. They are regarded as environmental pollutants and pose a threat to the environment and human health [1] . Thus improper CFA dumping will continue to cause land degradation, water, air and soil pollution if preventive measures are not implemented. Dust emission of CFA causes air pollution and remains air-borne for a long period and causes health hazards for the local masses. Henceforth, repeated inhalation of CFA dust containing crystalline silica can cause bronchitis, silicosis (scarring of the lung), lung cancer and severe inflammation of the small airways of the lung and asthma-like symptoms. Exposure to some of the most common toxic contaminants in CFA like Ni causes allergic dermatitis known as nickel itch; inhalation can cause cancer of the lungs, nose, and sinuses; cancers of the throat and stomach have also been attributed to its inhalation; hematotoxic, immunotoxic, neurotoxic, genotoxic, reproductive toxic, pulmonary toxic, nephrotoxic, and hepatotoxic; also causes hair loss [8] .
Phytoremediation is a way to go about this pollution of air, soils and water sources caused by CFA where the chemical species also end up in food chain affecting human life; as a cost-efficient and ecologically benign process. This is because conventional remediation methods such as acid leaching, land-filling, and excavation process are very expensive and not eco-friendly [7] . Phytoremediation is aimed at providing an innovative, economical, environment-friendly approach for removing toxic chemical species from hazardous waste sites [6] . It involves techniques such as rhizofiltration, phytostabilization, phytovolatilization and phytoextraction. The emphasis is on phytoextraction because it involves chemical species translocation to shoots which is an important biochemical process and is advantageous in effective phytoremediation, in other techniques the harvest of root biomass is generally not feasible in many instances [8, 9 and 10] . Goswami and Das [11] studied phytoremediation of cadmium contaminated soil using B. juncea and the bioaccumulation was observed to be effective in decontamination of the soil. Other plant species like Ipomea carnea [12] , Jatropha curcas [13] , and Azolla caroliniana [14] are some of the plant species that have been evaluated for phytoremediation of CFA dumps. B. juncea and S. oleracea L were chosen for the current study because they have certain characteristics which make them suitable for phytoremediation application. This includes having high growth rate, production of more above-ground biomass, more accumulation of the target chemical species from soil, translocation of the accumulated chemical species from roots to shoots, tolerance to the toxic effects of the target chemical species, good adaptation to prevailing environmental and climatic conditions, and easy cultivation and harvest [15, 16, 17 and 8] .
The aim of this study was to determine the potential of S. oleracea L and B. juncea in the phytoremediation of chemical species from CFA dumps. The specific objectives were therefore; (i) to evaluate the physicochemical and morphological composition of CFA from a selected South African coal fired power utility; (ii) to assess the bioavailability and translocation factor of chemical species in S. oleracea L and B. juncea over a specific period of time and their potential for field application in phytoremediation of such CFA dumps.
MATERIALS AND METHODS

Materials.
The dry CFA used was collected from a selected South African coal fired power utility. Good and viable seeds of Spinacia oleracea L and Brassica juncea were purchased from a local store and sown in seed trays and thereafter transplanted to the pots for growth experiments.
Physicochemical characterization of coal fly ash.
The chemical and mineralogical composition of CFA and soil were determined using X-ray fluorescence (XRF) and X-ray diffraction (XRD), respectively. The Thermo Fisher ARL Perform'X Sequential XRF with OXSAS software was used for analysis while for XRD analysis was done using a PANalytical X'Pert Pro powder diffractometer in θ-θ configuration with an X'Celerator detector and variable divergence-and fixed receiving slits with Fe filtered Co-Kα radiation (λ=1.789 Å). Scanning Electron Microscopy (SEM) was used to examine the morphology of CFA and a Zeiss 1450 fully analytical scanning electron microscope was used.
2.3
Experimental design.
Pot culture experiments were conducted for four successive months (April to July 2015). Prior to experiment, pots were washed thoroughly with Milli-Q water and filled up with different compositions of soil and CFA. Experiments were conducted in four sets. The first set was filled up with CFA, second set with soil only and the third set with a mixture of CFA and soil, the last set was for control with only CFA. Spinacia oleracea L and Brassica juncea plants were grown in three sets pots containing CFA (set 1), soil (set 2) and a mixture of CFA and soil at ratio 1:1 (50% CFA: 50% soil) (set 3). No plant was grown in set 4. Figure 1 shows the sets of growth media used. Seeds were sown in seed trays and irrigated daily until germination, then transplanted to pots. The pots were kept in a nursery to mimic the natural environment. The pots were monitored (measuring plant heights for growth performance) and leachates were collected daily, and finally heights of plants were recorded. Plants were irrigated daily and leachate collected was analyzed using ICP-MS for cationic chemical species. Harvesting of the plants was done in stages, the first harvest was of seedlings, the second harvest was done after 46 days of growth and the last harvest was done after 115 days of growth.
Figure 1:
Illustration of set up of pots (materials used in each pot and ratio used, in case of combination is indicated and species grown in each pot is also shown).
Preparation of plants samples for bioaccumulation analysis, biomass estimation and chlorophyll content.
Samples of the whole plant were collected, then cut to separate parts: leaves, stems and roots in order to determine chemical species' concentrations in each part of the plant and for the estimation of biomass. . The biomass of the plants was estimated by weighing the mass (g) of plant sample after air drying. To estimate the chemical species bioaccumulation, dried samples were ground into a fine powder and 0.5 g was weighed for digestion through aqua regia (HCl:HNO3 = 3:1 (v/v)) to near dryness or until a white-coloured solution was formed. The acid digestion was carried out on a hotplate. After complete digestion of samples, 100 mL of MilliQ water (18.2 MΩ/cm) was added and left to cool down. Samples were then filtered through 0.45 µm pore membrane. Samples were then analyzed using Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). Blanks and internal standards were set for quality assurance. Growth performance was obtained by measuring heights of plant species in pot culture experiments.
For chlorophyll analysis, Leaves of B. juncea and S. oleracea L were accurately weighted and 0.5 g of each fresh plant leaf sample was taken. This was sufficiently homogenized in a blender with 10 ml of the extracting solvent (90 % ethanol). The homogenized sample mixture was centrifuged at 10,000 rpm for 15min at 40 0 C. The supernatant was separated and 0.5 ml of it was mixed with 4.5 ml of ethanol. The solution was transferred to a corresponding cell and put in cell compartment and analysed for Chlorophyll-a, Chlorophyll-b and carotenoids content using spectrophotometer (SQ Pharo 100). The chlorophyll contents were then determined using the following equations [18] : 
Bioconcentration Factor (BCF) and Translocation Factor (TF)
Bioconcentration Factor (BCF) was calculated for each plant part (root, stem, leaf). BCF was calculated for each plant part (root, stem, leaf) using the following equations for the CFA and soil:
Where BCFa is the bioconcentration Factor of the stem, BCFb is the bioconcentration Factor of the roots, and BCFc is the bioconcentration Factor of the leaves.
Then translocation Factor (TF) which is an asset to assess a plant's potential for phytoremediation purpose was also calculated. TF is based on the ratio of metal concentration in plant stem as compared to that of the plant root and leaves [19] .
RESULTS AND DISCUSSION
Physicochemical characterization of a selected South African coal fired power utility.
Figure 2 depicts the morphology of CFA as determined by SEM at different magnification levels. It is observed that morphology of CFA has a lower degree of sphericity with irregular agglomerations of many particles while there were dominant spherical particles and smaller sharp needle-like particles.
Figure 2:
SEM micrographs of a selected South African coal fired power utility CFA at (a) x20 000 and (b) x30 000 magnifications. Figure 3 presents the XRD spectrum of the CFA. The spectra showed the presence of mullite, quartz, calcite, hematite, magnetite and albite as mineral phases in the CFA. The quantitative results from XRD showed that mullite is the dominant mineral (48.14 %) followed by quartz (28.51 %). Other mineral phases were at trace levels. b.
categorized as class F (SiO2-rich), which is either derived from anthracitic or bituminous coals [20] . High concentration of Fe2O3, SiO2 and Al2O3 confirms that this CFA is an alumino-silicate material [21] . The soil had SiO2 (82.9 %) as the main component, while Fe2O3 and Al2O3 were available in small amounts. Elements such as Ni, Cu, Zn, Zr, W, Sr, Ni, As, Rb and Mo were observed at trace levels in both CFA and soil. The biomasses and growth performances of B. juncea and S. oleracea L over time in different growth media are presented in Figure 4 and 5, respectively. Results showed that in both growth media, roots, stems and leaves biomasses of B. juncea and S. oleracea L plants species increased with increasing number of days. Based on the roots and stem masses, S oleracea L showed a better tolerance in CFA as compared to B. juncea in CFA growth media. It is therefore anticipated that S. oleracea L will yield the better performance in phytoremediation because plants with extensive roots are capable of extracting more chemical species due to better exploration of growth media [13] . Furthermore, S. oleracea L showed better growth in the CFA media while B. juncea grew better in the soil as a growth media. It is observed that chlorophyll a and b increase during the first 69 days and decline in 115 days for most growth media (Table 2 ). This was observed in both plant species. Goswami and Das reported similar findings where there was a significant reduction in the total chlorophyll content of the young leaves of B. juncea and B. napus on exposure to 10 mM Cd for 15 days [11] . Compared to B. juncea, S. oleracea L shows the better content of chlorophyll b. Even though that is the case, B juncea showed to have more survival characteristics by having some carotenoid content while S. oleracea L's was not detected ( amounts of chemical species found in CFA, hence it can promote its effectiveness in phytoremediation than S. oleracea L. But, statistically there was no significant difference between the two plant species in terms of growth performance and biomass; even between the plant parts denoting similar growth performance for the two plant species under study. in the 11 th week) was also high for soil as a growth media. It was observed that in the eleventh week of leachate collection all these chemical species plummet to very low concentrations. This suggests that these chemical elements can be reduced over time as plants are being irrigated which is either due to uptake by plants or washed off with water from the coal fly ash and soil. A similar trend was observed for CFA, soil and CFA+soil growth media. There was a significant difference in concentrations of different chemical species in leachates from different growth media for each plant species (B. juncea and S. oleracea L).
3.4
Potential of the plant species for phytoremediation.
The phytoremediation potential of a plant is accessed by computing the bioconcentration Factor (BCF) and Translocation Factor (TF) of chemical species throughout the plant. The BCF value of more than 1 indicates that the plant is a potential accumulator of chemical species, while the TF value greater than 1 indicates that the plant is a potential translocator of chemical species 
Conclusions and Recommendations.
The findings of the current study show that coal CFA is an aluminosilicate material with an alkaline pH. The CFA morphology showed that it has a lower degree of sphericity with irregular agglomerations of many particles while there were dominant spherical particles and smaller sharp needle like particles. There is a similarity in terms of the elemental composition of CFA and soil used in this study since SiO2 is available in both mediums as a major oxide which gives an expectation of similar growth of the plants in both mediums. Chemical species such as B, Ba, Mo and Cr were occurring at higher concentrations in the leachates for most weeks in the pot culture experiments especially for CFA and soil + CFA growth media. Fe also dominated but only in soil as a growth media. In terms of the biomass estimation, growth performance and chlorophyll content of both plants, S. oleracea L showed better growth in the CFA media while B. juncea grew better in soil as a growth media. It is observed that chlorophyll a and b increase during first 69 days and decline in 115 days for most growth media. Furthermore there was some carotenoid content found in B. juncea while none was detected for S. oleracea L. Because carotenoid content is important in the protection of plant, this could have been attributed to better adaptability of B. juncea for growth in CFA and better bioaccumulator and translocator of chemical species hence could be more effective plant for phytoremediation than S oleracea L. The superiority of B. juncea was confirmed BCF and TF >1 for most chemical species as compared to S. oleracea L. This study observes that B. juncea is a potential plant species that can be applied at field scale for phytoremediation of coal FA dumps. This could significantly lead to reduction of environmental and health impacts associated with coal fly ash dumps especially for communities leaving near such coal fly ash storage facilities. However, there is still need for assessment of other plant species. 
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